Abstract: Hybrid aircrafts are unique type of aircrafts that combine the hover capability of helicopters with the speed and range of airplanes. In this work, we propose a novel hybrid aircraft based on the fixed-wing airplane and quadrotor structures. A complete mathematical model of the aircraft, in helicopter, transition and airplane flight modes is presented. Furthermore, a nonlinear controller for stabilizing the aircraft at hover is proposed. Finally, simulation results are presented in order to illustrate performances of the proposed controller.
INTRODUCTION
The invention of airplane could only satisfy the flying dream of humans to a certain extent. In fact, the airplanes are required to accelerate along the ground to obtain sufficient speed and lifting force to become airborne. On the other hand, airplanes, unlike the hummingbird, cannot hover over a fixed point. They therefore may not be able to handle many civilian and military applications that require hovering on a certain spot. Pursuing this aspiration, more than 30 years after the first fixed-wing flight, a successful helicopter was built Maisel et al.. However, helicopters do not have the performance of fixed wing airplanes in aspects of forward flight speed, range, and endurance Gervais [2004] . Thus, it has been a new dream to develop a new type of aircraft that combines the advantages of both fixed-wing and rotary-wing aircrafts. Such aerial vehicles are known as convertible or hybrid aircrafts. These aircrafts can offer an outstanding performance in vertical motion and cruise speed, which standard helicopters and airplane can not provide. These special features make them a suitable platform for many complicated missions and scenarios such as dealing with the abrupt borderland conflict, intelligence gathering tasks and rescue in the disaster. Most of the works in this area have been done on manned convertible aircrafts. Currently F-35 is a great military model of manned hybrid aircraft with extraordinary capabilities. However, regarding to the unmanned types, very few publications or reports on hybrid aircraft can be found so far. One of a few remarkable contributions in this area is given in Escareno et al. [2009] . They presented a complete model of an unmanned convertible aerial vehicle in hover mode. A nonlinear control strategy for global stability in longitudinal vertical-mode motion was also proposed and successfully implemented in a actual prototype platform. Another experimental convertible aircraft was presented in Green and Oh [2005] . An autonomous hovering and manual transition to forward flight were demonstrated in this paper. The author in Jie et al. [2009] developed a robust control algorithm for the longitudinal model of a tiltrotor aircraft during transition flight mode. A conceptual design and control of a rotor-fixed wing hybrid was studied in Wang and Lin. In this paper, we introduce a novel hybrid UAV (unmanned aerial vehicle). The proposed UAV structure configuration is similar to F-35 aircraft, however it is designed based on the propeller thrust instead of jet-engines which significantly can reduce the manufacturing and maintenance cost. Basically, the proposed hybrid aircraft has three flight modes : hovering, transition and forward flight. In the hovering mode the aircraft behaves like a helicopter and is able to vertically take off and land. The transition mode is the flight regime of converting from helicopter to airplane and vise versa. In the forward flight mode, the aircraft actually is a fixed-wing airplane that offers a wide range of speed and maneuverability. In this work, we aim to first investigate the dynamic characteristics of the hybrid aircraft in all flight modes. Then, propose a nonlinear controller for stabilizing the aircraft in verticalmode motion. The rest of this paper is organized as follows: Section 2 describes the introduced aircraft flight mechanism. Section 3 presents the complete dynamical model of the aircraft. The control algorithm is presented in section 4. The performance of attitude and altitude control at the hovering condition is demonstrated in section 5. Finally, some concluding remarks will be given in section 6.
THE HYBRID AIRCRAFT MECHANISM
In this section, we describe briefly the configuration of the proposed hybrid aircraft. The hybrid UAV scheme is depicted in Figure 1 . This UAV is a special aircraft model which is constructed from a combination of quadrotor and single rotor fixed-wing platforms. It has two pair of counter-rotating motors (M 1 , M 3 ) and two single rotors (M 2 , M 4 ) in a cross configuration. Let's consider M 2 and M 32 rotating clockwise, M 4 and M 31 anticlockwise and M 11 , M 12 rotating similar to the front motors. The rear counter-rotating rotor is able to tilt towards (backwards) the head (tail) to convert from helicopter (airplane) to airplane (helicopter) mode. The proposed aircraft similar to the standard airplanes has rudder, elevator and wing flaps to control it's motion. The left and right rotors are located in the wings, and the rear and front counter rotating motors are placed on the head and tail of the aircraft respectively. The hybrid UAV is said to be in "helicopter mode" when the rear motors are vertical with respect to the wing, and front and wing's rotors are working. The aircraft is said to be in "airplane mode" when the rear motors are parallel to the wing and the left, right and front motors are off. The flight regime where the aircraft is between helicopter and airplane mode is called "transition mode".
In the helicopter mode, the aircraft is similar to a standard quadrotor. The quadrotor has a robust structure due to its cross and symmetric mechanical configuration. In this mode, all the motors and propellers axes of rotation are fixed and parallel. The aircraft elevator, rudder, aileron and flaps are in the default position and do not affect on the flight control. The left and the right propellers rotate counter-clockwise and clockwise respectively, so they cancel their anti-momentum effects. Furthermore, the rear and front rotors are counter-rotating type so inherently they do not generate a reactive torque. As a result in the helicopter mode, the need for a tail rotor as an anti-torque device is eliminated. The control mechanism in this mode is also very similar to the quadrotor. However, in the introduced hybrid aircraft, yaw motion is achieved through a different control strategy. Since the rear counter-rotating motor is tilting in the transition mode, it would be quite challenging to involve it to generate a yaw motion. Hence, in the helicopter mode, the yaw moment is mainly produced by unbalancing the front counter-rotating propellers speed. In the transition mode, the aircraft is between the helicopter and airplane modes; the airplane control actuators are active, the rear rotor is tilting towards (backwards) the head (tail) smoothly and the right and the left rotors power are gradually being reduced (strengthened) till the conversion to airplane (helicopter) is complete. During the conversion procedure, tilting of the rear rotor influences on the pitch and yaw moment meanwhile the left and the right motors are loosing their power which affect on the rolling motion. This rotation also generates extra gyroscopic moment that should be considered in the modeling. In addition, the aircraft must reach to a certain velocity to be able to significantly be controlled as an airplane. All these conditions and constrains, together with dynamics coupling and multiple control actuators, make the transition control highly complex and very challenging. In this paper we just focused on the modeling of this mode. In the airplane mode, the rear counter-rotating motor is parallel to the wing, the left, right and front motors are completely stop and the aircraft is controlled by airplane actuators. In this mode the hybrid UAV is similar to the single engine fixedwing airplanes and has the same control mechanism. The airplanes flight control is a well-known concept and has been well studied in the literatures, see e.g., Etkin and Reid [1996] .
HYBRID AIRCRAFT MODELING
In this section, the mathematical dynamic model of the hybrid aircraft in helicopter, transition and airplane modes will be derived. The inertial and body frames are shown in Figure 1 . The inertial frame F I is an north-eastdown (NED) coordinate system. The orientation of body frame with respect to the inertia frame is represented by euler angles η
T position in the inertia frame,
T body frame velocities and the body frame angular rates as ω
The relation between ξ and v b is obtained by rotational matrix R(φ, θ, ψ), i.e.
where
Next, we need to model the aircraft motion dynamic by tacking the advantages of forces and moments.
Fig. 1. Inertia and body frames

Equation of motion
This subsection aims to derive a dynamic model of a generic 6 DOF rigid-body equation by Newton-Euler approach. In order to develop the equation of motion, both translational and rotational motion must be considered. Equation (3) describes the dynamic motion of a 6 DOF rigid body.
Fig. 2. Coordination systems
where m[kg] is the mass of aircraft, J is the inertia matrix, I is a identity matrix, F is a total force applied to the aircraft body and τ is the aircraft torque vector with respect to the body frame. From Figure 1 , it can be observed that the aircraft is symmetric along the y-axis in the xy-plane and yz-plane. In addition, we can approximate the aircraft CG to be on the xz-plane. Thus, it is reasonable to assume that the corresponding inertia matrix has a diagonal form
T as the forces acting in x, y and z directions and τ = ( τ φ τ θ τ ψ )
T as the aircraft torques in different orientations. Then, by substituting equation (1) and (2) in (3) and expanding it, the aircraft motion dynamic can be derived. In the next step, we will be calculate the forces and moments acting on the aircraft. Due to specific properties of the actuators in different modes, we will investigate this sequel in three individual subsections.
Helicopter mode
In this mode, the rear counter-rotating motor is in the vertical position (δ = 0 • ) and all motors are fully working. The forces and moments are mainly due to gravity and the propellers. Each rotor produces a thrust f i and a drag moment Q i about its rotation axis. The rotor thrust is f i = b T Ω 2 i , where b T is the motor thrust factor and Ω i is motor angular velocity. The rotors drag Q i are proportional to the rotor thrust, and for rotor i is given as Q i = df i , where d is the propeller drag factor. However, in this aircraft since the rear counter-rotating motor's (M 1 ) propellers always have a same speed and rotating in a counter direction, the reactive torques generated by them are eliminated. The counter-rotating motors forces are approximated as a summation of each motor thrust, i.e. f 1 = f 11 + f 12 , f 3 = f 31 + f 32 . The total acting force generates by the rotors is given by F = 4 i=1 f i . In addition, gravity also exerts a force on the aircraft center of mass in the direction of z. We assume that weight of the aircraft is distributed regularly in the body, therefore this force with respect to the body frame can be approximated as
Since in the helicopter mode the aircraft usually operates in low speed, the aerodynamic forces and moments are negligible. Hence, the total forces acting on the aircraft in the this mode can be written as
The gyroscopic effects produced by the propeller rotation are another parameters that should to be taken into account.
where J r is rotor rotational inertia and G a is gyroscopic torques due to the combination of rotation of the airframe and the rotors. However, as previously mentioned, in the hybrid aircraft, since rear counter-rotating motors always rotating with same velocity only left, right and front propellers generate this moment. Hence, the rolling, pitching and yawing torques applied by the rotors are respectively given as
where Ω = Ω 2 − Ω 4 + Ω 31 − Ω 32 . By substituting the calculated forces and moments into (3) the dynamic model of hybrid aircraft in helicopter mode can be obtained.
Airplane mode
In airplane mode, the rear motors are parallel to the wings (δ = 90 • ) and the other rotors are completely in a stationary condition. The forces acting on the airplane mainly are thrust of the rear rotor propeller exerts in the x direction, the airplane weight and the aerodynamic effect of the wing and the tail. Before introducing the airplane forces and moments, let's define the following notations: rear rotor thrustT = f 11 +f 12 , angle of attack α, wing span b, mean aerodynamic chordc, wing area S, fluid velocity V = √ u 2 + v 2 + w 2 , horizontal tail incidence i h , elevator deflection δ e , aileron deflection δ a , rudder deflection δ r , air density ρ and dynamic pressureq = 1 2 ρV 2 . The preliminary forces acting on the aircraft are the body drag D =qSC D , lift forceL =qSC L in xz-plane and sideslip in yz-plane. However, the sideslip aerodynamic force can be neglected due to the small size of UAV. The drag coefficient C D and lift coefficient C L are mainly depends on angle of attack and elevator angle. In this mode, the roll, pitch and yaw moments respectively can be obtained from L =qSbC l , M =qScC m , N =qSbC n . Where roll coefficient C l is a function of (δ a , δ r , p, r), pitch coefficient C m is related to (α, i h , δ e , q) and yaw coefficient depends on C n (δ a , δ r , p, r). The details of calculating the force and moment coefficients can be find in Etkin and Reid [1996] . The total force acting on the aircraft can be written as the summation of the aerodynamic forces, forces due to thrust, and gravitational forces which yields
The moments exerted on the aircraft are also based on the aerodynamic and thrust moments. The rolling, pitching and yawing torques acting on the aircraft are respectively can be approximated as
Combining the calculated forces (8) and moments in airplane mode with the equation of motion (3) results the dynamic of hybrid aircraft in the airplane mode.
Transition mode
In transition mode, the aircraft is in between of the helicopter and the airplane modes (0 • < δ < 90 • ). All the aircraft actuators are active and the rear rotor is tilting towards (backwards) the head (tail). Therefore, the aircraft dynamic model in this mode basically is constructed from combination of airplane and helicopter dynamics and considering the effect of rear counter-rotating motor rotation. The rotation of rear rotor towards (backward) the head (tail) diverges f 1 from vertical direction and generates additional force acting in the direction of x. Moreover, when the rear motors are tilting along the rotation axis an extra gyroscopic moment is produced which is equivalent to the output torque of the servo motor used for this rotation Kendoul et al. [2006] . This moment directly influences on the pitch angle and can be obtained from the following equations.
where J rd is moment of inertia of the tilting rudder, ω δ is the tilting angular velocity and τ δ is tilting rudder output torque. In the transition regime, the aircraft speed is gradually increasing, therefore, similar to the airplane mode, it is necessary to consider the aerodynamic forces such as drag and lift. Meanwhile the front, left and right motors are still working so their thrust like the helicopter dynamic must be taken in to the account. As a matter of fact, the forces acting on the aircraft in this mode are the summation of helicopter and airplane modes forces including the projection of rear rotor propeller thrust. Thus, we get
where F t = f 1 cos(δ)+f 2 +f 3 +f 4 andT t = f 1 sin(δ). In the same manner, the moment acting on the aircraft are the summation of airplane and helicopter modes momentum also including the effects of rear motors rotation. Thus, the complete expression of total torque vector τ in the transition mode is obtained as
Substituting (11) and (12) into the equation of motion (3) gives the dynamic of hybrid aircraft in the transition mode.
CONTROL MECHANISM
In this section, we aim to design a nonlinear control system for attitude and altitude stabilization of the introduced hybrid aircraft in helicopter mode. The derived dynamic model in this mode is quite complicated to gain significant insight into the aircraft motion. In order to reduce the complicity of the controller we try to simplify the model around the hovering condition. If the perturbations from hover are small the attitude angle rates are approximately equal to the body angular rates i.e. φθψ T = ( p q r ) T . Differentiating the translational equation and neglecting the rotational matrix derivation yields (ẍÿz ) T = R (uvẇ ) T . Furthermore, in the hovering mode the coriolis terms in (3) and additionally the effect of gravity in x and y directions are neglectable. Moreover, it would be more convenient to pull out the gyroscopic effect terms from (7)and add them to system dynamic. After applying the above modifications, the simplified dynamic of the aircraft in helicopter mode will be obtained asẍ
are the system control inputs and from (7)are simply can be derived asτ
Note that the control inputs of the under actuated system (16) , U = τ φ hτ θ hτ ψ hF h T are not the real aircraft inputs. The aircraft practically is controlled by motors thrust and correspondingly the propellers speed. The question that arises is whether there exist unique values for actual control inputs Ω in = Ω T corresponding to each possible values of system inputs U . In opposite to the standard quadrotor, this problem does not have a unique solution due to the unmatch number of actuators and dynamic control inputs. From the practical point of view, one possible solution is using the energy minimization algorithms such as a least square method to handle this projection and obtain a minimum control effort. Let's based the augmented force and momentums U , define the coefficient matrix k as
The control distribution from the actuator motors of the aircraft is given by kΩ in = U . Thus, based on the wellknown least square algorithm, the minimum motors speed that satisfies the desire control input U is given as
Attitude and Altitude Control
The control objective is to stabilize the aircraft attitude and drive vertical position of the aircraft to the desire height. Furthermore, the controller needs to be robust in face of the model uncertainties and disturbances. Therefore, in order to design a controller let us first propose a change of the input variables asτ
Hence, by considering the dynamic model uncertainties and disturbance we get the following dynamic systems
where (∆ x , ∆ y , ∆ z , ∆ φ , ∆ θ , ∆ ψ ) are bounded model uncertainties and disturbances. It should be noted that, the derived system (16) is similar to the dynamic system in Salazar-Cruz et al.
[2009] and we will use a relatively similar recursive control algorithm; however in order to deal with disturbances, we choose an integral sliding mode controller for height and head stabilization. The system (16) can be categorized as four interconnected subsystems Salazar-Cruz et al. [2009] : altitude, yaw angle, pitch and horizontal movement in the x axis, roll and lateral displacement y and they respectively are controlled by u z ,τ ψ ,τ φ ,τ θ . Now, let's define the altitude error variables as e z1 = z d −z and e z2 =ż d −ż and introduce the following control input
If we assumez d = 0 then the altitude error system can be written as ė z1 = e z2 e z2 = r z − ∆ z
Motivated from Waslander et al. [2005] , in order to provide a robust altitude control in face of modeling imprecision and disturbances, we use an integral sliding mode (ISM) controller. Assume the ∆ z satisfy ∆ z < γ z where γ z is upper bound norm and mainly depends on the aircraft height and earth gravity. Let's define the following altitude control input
where, (k z1 , k z2 ) are well chosen positive constant. The sliding surface s z is designed as
Here χ z is the integrator part which guarantees the disturbance rejection and k z is a positive constant. Using
In order to get a stable sliding surface the above inequality must hold. Therefore, ifχ z = −(u pz + k z e z2 ) and u dz = λ z s z we getV
Finally, the sliding mode manifold is stable when |s z | > γz λz Waslander et al. [2005] . This condition grantees the error system (18) converge to zero. In the same way for the yaw motion control, we have the upper uncertainty bound ∆ ψ < γ ψ , error variables e ψ1 = ψ d − ψ , e ψ2 =ψ d −ψ, sliding surface s ψ = e ψ2 + k ψ e ψ1 + χ ψ andχ ψ = −(u pψ + k ψ e ψ2 ). The ISM based control thus is given as
and the sliding surface is stable when |s ψ | > γ ψ λ ψ
. From (19)- (23) In addition, the remanning uncertainty terms can be compensated by an appropriate chosen saturation functions which will be introduced later. As a result, after a long enough time and provided that cos(θ) cos(φ) = 0, we geẗ
Now the aim of the controller is to stabilize the states of x,ẋ, y,ẏ, φ,φ, θ,θ system (16). In the hovering mode the perturbation of rolling is quite small, so we can assume a small upper bound |θ| such that the tan(θ)−θ is sufficiently small. Thus, the subsystem (24) reduces toẍ = −gθ, θ =τ θ . These equations actually are a feedforward system with four integrators in a cascade format. We choose a nested saturation control used in Salazar-Cruz et al. [2009] . Hence, the proposed controller is given as
Here σ (.) is a Lipschitz function, nondecreasing and given as σµ (h) = sign(h) min(|h| , µ), where µ > 0 is a saturation level. Controller (27) guarantees the convergence of x,ẋ, θ,θ to zero Salazar-Cruz et al. [2009] . Similar to the previous part, we impose a small bound on |φ| such that tan(φ) − φ is sufficiently small. Therefore, if θ → 0 the equations (25) becomesÿ = gφ andφ =τ φ . Similarly, the controller that stabilize φ, y is given as
SIMULATION
To evaluate the proposed controller, we carried out the following simulation setup. Based on the current ongoing design platform and selected motors, avionic system and body structure, we have approximated the model parameter as: the gravity coefficient coefficient g = 9.806m/s 2 , mass m = 3kg, the rotors distances l 1 = 0.7m, l 2 = 0.5m, l 3 = 0.7m, inertia matrix J = diag(0.4kgm 2 , 0.4kgm 2 , 0.8kgm 2 ) and rotor inertia J p = 0.2kgm 2 . The motors coefficients also are identified in an experimental setup. The thrust coefficient b T = 7.77×10 parameters are illustrated in Table 5 . The aim of the simulation is to drive the aircraft from initial position and orientation to the stable hovering condition at height z d = 4m. The simulation was executed based on the proposed complete aircraft model in the helicopter mode with 20% parameter uncertainty. The results illustrate a stable hovering mission. The Figure 4 shows the convergence of the aircraft attitude angles and position states. The aircraft position trajectory is also depicted in Figure 3 . It clearly demonstrates that the desire height is reached and the aircraft hovers there meanwhile the applied disturbance is rejected. , 0 (x 0 ,ẋ 0 , y 0 ,ẏ 0 , z 0 ,ż 0 ) (0.4, 0, 0.7, 0, 0, 0) (k z1 , k z2 , kz, λz) (10, 5, 1, 9) k ψ1 , k ψ2 , k ψ , λ ψ (30, 10, 1, 50) µ φ1 , µ φ2 , µ φ3 , µ φ4 (24, 12,6, 3) (µ θ1 , µ θ2 , µ θ3 , µ θ4 ) (16, 8, 4, 2) 
Parameters
CONCLUSIONS AND FUTURE WORKS
A novel hybrid aircraft which presents a unique capability and performance compare to transitional airplanes and helicopters has been introduced in this paper. The three flight modes of the aircraft: helicopter, transition and airplane have been briefly described, and the mathematically modeled. Furthermore, a robust controller for stabilizing the aircraft in the hovering condition was proposed and simulated. The complex dynamic model of the hybrid aircraft specifically in the transition mode, makes the control of such a aircraft very challenging. In the next step, we are going to design a complete controller system for the introduced hybrid UAV and seek to obtain an opportunity to manufacture the aircraft and implement the proposed control algorithm.
